section S1. Temperature dependence of the X-band EPR spectra
We have performed X-band electron paramagnetic resonance (EPR) measurements in order to extract further complementary information about the underlying dynamics in Cs4O6. We stress at this point that EPR only probes superoxide O2  entities, for which S = 1/2. This technique is thus complementary to 17 O NMR, which due to large hyperfine fields (table S3) for O2  can detect only the nonmagnetic peroxide O2 2 (S = 0).
There is no detectable X-band EPR signal at 320 K, in agreement with charge delocalization in the high temperature cubic phase, which broadens the EPR spectra beyond the X-band EPR instrumentation detection capabilities. In the slow cooling experiment, a first discernible but still very broad EPR signal appears at 200 K. The localized electrons from superoxide O2  are the origin of the broad EPR signal ( fig. S1A ) with full-width half-maximum (FWHM) linewidth, ΔB, of around 0.4 T at 150 K. On cooling, ΔB remains roughly constant down to 50 K were it starts to decrease with decreasing temperature, reaching ΔB = 0.31 T at 4 K ( fig. S1B ). In the measurements taken during the warming after the slow cooling experiment, ΔB follows a similar temperature dependence as in the previous case up to around 170 K. The X-band EPR spectrum dramatically broadens with increasing temperature, but can still be traced almost to  250 K. Above 270 K the spectra become extremely broad, so that we were unable to reliably determine the lineshape and the EPR spectra parameters. Finally, above room temperature, the spectra are undistinguishable from the background. The lowtemperature dependence of EPR intensity deep in the tetragonal phase shows Curie-like behavior for both experiments (fig. S1C) being thus fully consistent with the localized nature of charges. However, some subtle anomalies are still noticed in the 1/χEPR plot (inset). It is noteworthy that strong line broadening in the EPR spectra is observed in temperature ranges where the NMR spectra already clearly evidence charge localization. This suggests that charge fluctuations are not the only source of EPR line broadening and thus other degrees of freedom have to be considered. Since no anomalies were observed in powder neutron diffraction data in the relevant temperature region, which would suggest large amplitude O2 librations, we point here to the possible orbital fluctuations. Namely, orbital fluctuations within the split π* molecular orbitals of the tilted O2  entities setting in prior to the charge delocalization may be responsible for the large EPR line broadening and even the apparent absence of EPR spectra below 260 K in the cooling and above 250 K in the heating mode. In fact, a similar broadening leading to the disappearance of the EPR signal due to orbital fluctuations has been reported for JahnTeller active transition metal compounds (30). 2 units, which are parallel to the external magnetic field and whose principal eigenvector of the EFG tensor is also parallel to the external magnetic field. We thus assume that the 17 O(B) component is a result of a partial alignment of Cs4O6 crystallites in the anisotropic tetragonal phase in the strong external magnetic field. A simulation using the same set of NMR parameters for O1 and O2 sites as in fig. S6A , which included a partial alignment of crystallites (see, e.g. Ref.
(35) for a comparable case), showed that two additional pairs of satellite peaks must be found at much lower/higher frequencies. This was indeed experimentally verified ( fig.  S6B ). The detection of these satellites finally clearly rules out any other possible explanation for the observation of the 17 O(B) component, including motional narrowing or charge dynamics effects in a powder sample. To summarize, the 17 O(B) component is a result of partial alignment of Cs4O6 crystallites in their tetragonal phase in the magnetic field. Both 17 O(A) and 17 O(B) NMR components are thus attributed to the same O1 and O2 sites in the tetragonal phase of Cs4O6, the former from the non-oriented while the latter from the oriented fraction of the powder sample. The simulation reveals that in the particular experiment discussed in the main text (Fig. 4B, figs. S5 and S6 ) approximately 10% of crystallites were oriented with a tetragonal c-axis parallel to the magnetic field at 50 K.
Please note that such a perfect agreement between the experimental and simulated lineshape can be only possible by either exact diagonalization of Zeeman and quadrupolar interactions or by taking into account at least the first and the second-order corrections of quadrupole perturbed Zeeman interaction both for the central and satellite transitions (see, e.g., Ref. (34) 17 O NMR intensity multiplied by temperature (this is the quantity that is due to the nuclear Curie paramagnetism directly proportional to the number of 17 O nuclei participating to the signal) saturates below  170 K where the sluggish transformation between the cubic and tetragonal phase is already completed. Interestingly, the tetragonal phase 17 O NMR signal on warming persists almost to 320 K ( fig. S5B ), thus being fully consistent with the strikingly broad hysteresis in the structural transformation observed already in the PND experiments (Fig. 2, main text) . fig. S1 . X-band EPR spectra of Cs4O6 for selected temperatures. (A) Spectra taken during slow cooling and warming after slow cooling. Spectra for T = 50 K and for T = 100(190) K are for better viewing purposes multiplied by factors of 20 and 70, respectively. (B) Temperature dependence of EPR linewidth shows data for measurements taken on slow cooling (blue circles) and on warming after slow cooling (red circles). The shaded region indicates the high-temperature phase where the intrinsic dynamics of Cs4O6 is fast as probed on the X-band (ν = 9.6 GHz) EPR time scale. Similar, as in Jahn-Teller active transition metal compounds (30), orbital fluctuations may lead to line broadening in this temperature range. (C) EPR intensity temperature dependence shows Curie-like behavior in the low temperature regime. The inset shows 1/χEPR temperature dependence with some subtle anomalies. .
fig. S2. Structural phase transition in Cs4O6. (A)
The area fraction of the tetragonal phase and (B) the unit cell volume are shown as a function of temperature. Data shown in blue were measured on slow cooling, data shown in read on subsequent heating. fig. S3 . Time dependent conductivity of a Cs4O6 pellet at 273 K. The conductivity of the C-structure at 273 K results as 6.9 · 10 -8 S cm -1 , the conductivity of the T-structure results as 4.1· 10 -10 S cm -1 . Both values remained constant for over 500 full frequency cycles (~ 3 days), indicating that no phase transition from the T structure into the C structure occurred. Cs NMR spectrum measured at 50 K over very large frequency span. The solid black line represents a fit of the total 17 O signal, where approximately 10% of crystallites were aligned in the magnetic field in the tetragonal phase of Cs4O6. In the fitting, the frequency region around the 133 Cs NMR resonance was omitted. 
